Abstract We study the creep properties of clastic soil in residual state. The intact samples are taken from a reactivated slow-moving landslide in the Three Gorges Reservoir Region, China. Firstly, the patterns of the landslide movement are analysed based on recent monitoring data, which indicate that the soil within the shear zone is undergoing two deformation processes: a creep phase, characterised by different creep rates, and a dormant phase. We then study the creep behaviour of the soil samples through a series of ring shear creep tests under various shear stress conditions. The creep response depends strongly on the ratio of the shear stress to the residual strength, and the normal effective stress, whereas the creep rate decreases due to strength regain. The long-term strength of the clastic soil is close to the residual strength. Therefore, the residual strength obtained from conventional shear test, which is less time consuming than creep test, can be used in longterm stability analyses of creeping landslides.
Introduction
Landslides account for a significant proportion of the geohazards that occur in the Three Gorges Reservoir Region (TGR) of China, potentially causing severe damage to both buildings and city infrastructure (Cascini et al. 2009; Du et al. 2013; Li et al. 2010; Zhou et al. 2014) . Most slow-moving landslides deform gradually through phases of episodic acceleration and deceleration corresponding to seasonal rainfall, water level fluctuations at the toe of the slope, and/or changes in material properties within the shear zone (Zangerl et al. 2010) . These characteristics make slow-moving landslides difficult to detect, and as a result, constructing new roads, buildings, and tourist resorts in areas prone to slowmoving landslides is risky.
Most reactivated slow-moving landslides in the TGR are characterised by slip surfaces that are generated by shear displacement (Picarelli 2007) . The total shear displacement of slowmoving landslides may consist of a plastic shear displacement and a creep component (Mansour et al. 2011; Van Asch 1984) . While the creep component is linked to changes in the hydrological boundary conditions, such as the rate of rainfall (Matsuura et al. 2008 ) and groundwater flow (Cascini et al. 2010; González et al. 2008; Van Asch and Malet 2011; Wang et al. 2008c) , it is predominantly governed by the creep properties of the soil in the shear zone. Since the shear zone soil in a reactivated slow-moving landslide has already reached a residual state, any subsequent creeping movement is governed by the drained residual strength (Skempton 1985; Stark et al. 2005; Hussain 2010b, 2012) . This fact can be evidenced by comparing theoretical and actual landslide creep profiles using a model proposed by (Yen 1969) . By using the residual strength for shear creep, this model provided the best prediction of creep velocity validated by field measurements (Van Asch 1984) . Therefore, in a creep analysis, it is necessary to investigate the creep properties of the shear zone soil under residual strength conditions. Landslide movement in the TGR, however, is usually characterised by alternating creep and dormant phases (Miao et al. 2014) , which correspond to accelerating and decelerating periods of creep, respectively (Wang et al. 2008b) . During the creep phase, the weight of the slope overburden is the fundamental driving force of landslide movement. In the dormant phase, shear strength regain may occur in the soil; often, the magnitude of the regained strength is time-dependent (Stark and Hussain 2010a; Bhat et al. 2013a ). However, the influence of the periodic dormant phases on the creep behaviour of the landslide shear surface remains unclear.
Many laboratory tests have been conducted to investigate the creep properties of soils within the shear zone, using both direct shear and triaxial testing apparatuses (Lai et al. 2012; Wang et al. 2008a; Zou and Wang 2010) . In most cases, however, researchers have concentrated on pre-failure creep in materials which had not reached residual state. Therefore, these types of experiments may not accurately simulate the stress history within pre-existing landslide shear zones. Recently, several residual-state creep tests, including the reversal direct shear test (Maio et al. 2013; Wen and Jiang 2017) and ring shear test (Bhat et al. 2011 (Bhat et al. , 2013a , have been reported. In these tests, the soil samples were first sheared to residual conditions and then subjected to sustained shear stresses. These studies showed that the reversal direct shear test was not able to achieve a residual state, while the ring shear test was conducted on clayey soils, which are not representative of the typical clastic soil present in reactivated slow-moving landslides in the TGR.
In this paper, we will investigate the effect of the shear stress ratio (the ratio of the applied constant shear stress to the residual strength) on the basic creep properties of the clastic soil during the landslide creep phase and study the influence of strength regain on the creep behaviour during the landslide dormant phase. To do so, we first examine the movement patterns of a slow-moving landslide in the TGR. We then performed a set of ring shear creep tests to simulate the shear process of the clastic soil within the shear zone. Finally, the creep threshold values and the long-term strength of the clastic soil are discussed.
Patterns of movement in the Huangtupo landslide
The Huangtupo landslide lies on a hill-slope facing the Yangtze River valley, 10 km east of Badong County, as shown in Fig. 1 . The geological formations from which this landslide developed are known locally as the Badong Formation (T 2 b 2 and T 2 b 3 ). The landslide mainly consists of irregular alternations of mudstone, pelitic siltstone, argillaceous limestone, and limestone (Deng et al. 2000; Tang et al. 2015a; Wang et al. 2014 ; therefore, it is the largest reservoir landslide in the TGR.
The Huangtupo landslide is a complex mass formed by multiple slumps that occurred over a period of at least 40,000 years (Tang et al. 2015b ). On the surface, the landslide is divided by the Sandaogou Valley into two groups of sliding masses. Each group is composed of two sliding masses, one above the other, with additional recent sliding masses developing adjacent to the edges of the landslide. The lower slope sliding masses, Riverside Slump I and Riverside Slump II, are adjacent to the Yangtze River; their toes are submerged in the river, and their crowns are overlain by the younger Garden Spot Landslide and Substation Landslide, respectively. The Riverside slumps are chaotic slump masses consisting of either loose or dense soil and rock debris that originated from grey pelitic limestone and grey limestone . Figure 2 shows the geological profile of Riverside Slump I.
Previous studies conducted on the Huangtupo landslide, focus on subjects such as its soil properties (Jiao et al. 2014; Wang et al. 2012) , stability (Cojean and Caï 2011) , formation mechanisms (Deng et al. 2000) , triggering factors , and kinematic features (Tang et al. 2015b; Tomás et al. 2014) . Despite these detailed investigations, landslide movement under various hydraulic boundary conditions represents one of the most pressing concerns for slope failure prevention and control. Based on three sets of radar data, Tomás et al. (2014) reported that the upper part of the slope is affected by seasonal displacements caused by rainfall, while the lower part of the slope is affected by water fluctuations in the Yangtze River. Furthermore, whereas Riverside Slump I exhibits predominantly downward movements that range from very slow (17.2 mm/year) to extremely slow (12.8 mm/year), the other landslides are relatively stable. The definition for describing the rate of movement of a landslide can be found in literature (IGUS/WGL 1995; Mansour et al. 2011) .
Recently, the first comprehensive 3-D field-testing site has been constructed, including investigation tunnels beneath the landslide and monitoring systems on the slope surface (see Fig. 2 ), enabling the study of the kinematic features of the Huangtupo landslide (Tang et al. 2015b; Wang et al. 2014) . In situ GPS monitoring has indicated that Riverside Slump I is steadily creeping, with a maximum deformation direction towards 20°northeast and a rate of approximately 15 mm/year (Tang et al. 2015b) , as shown in Fig. 3a . This slow creep rate had previously allowed the landslide to deform undetected within the area chosen for the site of old Badong. In the years following the construction of old Badong, landslide movements caused damage to both buildings and infrastructure, and the number of seriously damaged houses steadily increased.
Two major shear zones, characterised by yellow and light-grey clay with small gravel clasts and slickensides, were exposed during the excavation of the investigation tunnels. At that time, it was noted that a large displacement had occurred in the shear zone, associated with either a previous landslide or tectonic shearing. Evidence found since indicates that these represent landslide shear zones of the reactivated slow-moving landslide has reached a residual state. This evidence includes slickensides commonly observed in the matrix materials supporting the gravel clasts, as well as microscopic platy clay minerals observed in the shear zones and on the slipping surface (see Fig. 2 ). Inclinometer monitoring, the results of which are shown in Fig. 3b , has revealed that the landslide shear zone localise most of the creep displacement, with the upper shear zone experiencing greater net creep displacement than that of the lower shear zone.
The upper shear zone has undergone a significant amount of creep displacement since the investigation, causing several cracks to form in the pavement of the investigation tunnel. Therefore, extensometers were installed to measure the propagation of these cracks since August 2013. Figure 4 presents the development of a 2-cm crack near the shear zone from August 2013 to December 2014, to some extent providing an insight into the patterns of movement in the Huangtupo landslide. The creep displacement increases stepwise, the differentiation of which yields several stages of varying displacement rates with either increasing or decreasing trends. The development of this crack is certainly related to the intermittent phases of landslide acceleration and deceleration in the apparent dip direction of the shear plane. Therefore, the landslide has experienced alternating accelerating and decelerating movements, denoting the creep phases and dormant phases, respectively. More information concerning the development of all the cracks in the investigation tunnel pavement can be found in the literature (Wang et al. 2016) .
Variation in the groundwater table is considered a significant factor influencing the movement of slow-moving landslides (Cascini et al. 2010; Corominas et al. 2005; Leung and Ng 2013; Prokešová et al. 2012 ). Figure 5 presents crack displacement in relation to water level fluctuations in the TGR and rainfall records in Badong district. The shaded sections of the figure show the creep processes coincide with the periods of intensive rainfall and significant declines in TGR water level. However, there is a delayed response to seasonal rainfall and decreasing water level because the changes in pore water pressure in the shear zone depend on the hydraulic conductivity, and thickness of the sliding mass, as well as the externally applied load (Miao et al. 2014) . Although displacement is affected by hydraulic boundary conditions, the creeping movement continues to increase. The main conclusion drawn from this analysis is that the creeping movement of the Huangtupo landslide is predominantly governed by its self-weight. Affected by some external factors, the soil within the shear zone is undergoing two deformation processes: the creep phase at different creep rates and the dormant phase with different periods. 
Test material
The tunnel excavation exposed two main landslide shear zones consisting of three lithologies, namely brown-yellow gravel soil in the slide mass, yellow and light-grey clay with gravel along the shear zone, and bluish-brown and brownish-yellow argillaceous limestone formed in the subjacent stable bedrock (Tang et al. 2015a) . Intact samples were collected from the upper shear zone (see Fig. 2 ); two of these samples (samples HTP1 and HTP2, representing the upper and lower parts of the shear zone, respectively) were analysed to determine their basic properties and grain size distributions. As presented in Fig. 6a , the shear zone soil typically comprises fine-grained soil (silt + clay) with a significant fraction of coarsegrained particles. Specifically, the finer fraction accounts for between 40.2 and 62.2 wt.% of the total material. The gravel clasts are generally well rounded with diameters varying from 0.5 to 2.5 cm, constituting approximately 20 to 30 wt.% of the material. According to the Casagrande chart shown in Fig. 6b , the examined samples can be classified as silt-clay with low to medium plasticity (HTP1) and silt-clay mixtures of low plasticity (HTP2). The sample physical properties, including indices of the dry density, liquid limit, plastic limit, and plasticity, are listed in Table 1 . The soil from the upper part of the shear zone contains higher proportions of clay-like particles. This implies that soil sample HTP1 has a higher creep potential than HTP2 sample. It is desirable to obtain more pronounced viscous behaviour in the creep test; thus, soil sample HTP1 has been used throughout our creep tests.
Test apparatus
The ring shear apparatus was originally designed to study the residual strength of soil, but has often been used in the investigation of landslide mechanisms (Okada et al. 2004 ) and the formulation of shear zones using reconstituted samples (Mandl et al. 1977; Torabi et al. 2007; Jiang et al. 2017) . The ring shear apparatus used in the present study was based on a concept proposed by Bishop et al. (1971) .
The sample container has a height of 30 mm; the inner and outer rings have diameters of 100 and 150 mm, respectively, resulting in an effective shear area of 98.17 cm 2 . The sample is contained in the shear box confined by the upper and lower ring, with a flexible gap between the upper and lower parts of the shear box. During shearing, the upper ring is fixed, and the lower ring rotates clockwise along a horizontal plane. A total of 12 knives (or ribs) are evenly placed on both the upper and lower porous ring plates to ensure the transfer of torque to the sample. Two transducers below the shearing box measure the shear residence, and a servo-actuated loading cell controls the normal force, as shown in Fig. 7 . This apparatus can simulate different loading conditions while the sample is sheared using either a torque-controlled or shear rate-controlled method. During shearing, the pore water pressure on the surface of the samples, shear strain rate, normal stress, shear strain, axial strain, and environmental temperatures are measured by a data acquisition system.
Test programme
Three types of creep curves were simulated in the residual-state creep tests, as schematically shown in Fig. 8 . In Fig. 8 characterises the development of creep at a constant strain rate, representing viscous flow; line 3 corresponds to attenuating creep at a decreasing strain rate; and line 2 represents non-attenuating creep. The non-attenuating creep curve is characterised by three distinct stages: primary creep, secondary creep, and tertiary creep. During the primary creep stage, the creep rate decreases to a constant value (minimum creep rate) and remains approximately constant during the secondary creep stage. Finally, during the tertiary creep stage, the strain rate increases rapidly. If materials become susceptible to creep rupture, the consequent deformation can lead to catastrophic failure.
Three ring shear samples, denoted RS i (where i = 1, 2, 3), were used for the residual-state creep test. This test was carried out using two shearing procedures: the ring shear test and residualstate creep test. Firstly, samples RS 1 , RS 2 , and RS 3 were consolidated for 48 h under normal effective stresses of 300, 508, and 762 kPa, respectively, with the maximum effective normal stress approximately equal to the in situ overburden. Next, the samples were sheared at a controlled shear rate of 0.05 mm/min until the residual strength was obtained under a constant effective normal stress, which was applied throughout the entire creep test. This small shear rate was applied to guarantee that the pore pressure did not increase during shearing. It was assumed that all samples attained a state of residual shear strength after shearing. The basic ring shear behaviour of the shear zone soil was recorded during the first procedure. During the second procedure, samples RS 1 and RS 2 were reconsolidated for 24 h; next, the samples were prepared for the residual-state creep test by changing the shear mode to torque-controlled. During the residual-state creep tests, the samples were subjected to different levels of shear stress to investigate their creep behaviour and creep threshold values. After the residual-state creep test, sample RS 1 was again reconsolidated for 1, 3, and 12 days and subsequently sheared under a constant torque for the strength-regaining creep tests. A summary of the test programme is shown in Table 2 . All the measurements were collected electronically, and the test data were recorded automatically by the acquisition system. The entire test programme was carried out in a constant-temperature environment to eliminate the impact of temperature variation on the deformation rates.
Test results

Conventional shear behaviour
Prior to the creep test, each sample was sheared by performing the standard drained strain-controlled ring shear test, thereby obtaining both the basic shear behaviour and residual shear strength. In addition, some direct shear tests were conducted using the same sample to compare with the results obtained from ring shear tests. Figure 9a shows the shear stress variation with respect to the shear displacement under various normal effective stresses. The sample under a normal effective stress (σ n ′ ) of 762 kPa reaches peak shear strength after approximately 10 mm of shearing displacement and then exhibits a pronounced post-peak drop in shear strength; however, the other samples withstand greater shear displacements before reaching their respective peak shear strengths. With continued shear displacement after the peak shear strength, shear resistance slightly decreases to the residual shear strength. The high cohesion and relatively lowfriction angle are likely due, in part, to over-consolidation and particle bonding in the soil. In addition, the clear difference between the peak and residual strengths suggests the existence of a large domain of possible shear creep (Maio et al. 2013; Ter Stepanian 1975; Yen 1969) .
Creep tests on pre-sheared samples in a residual state After the normal ring shear tests, a state of residual shear strength was assumed to have been achieved in all samples. In the residualstate creep test, several stress ratios (R r = τ/τ r ) were selected to determine the applied horizontal shear stress, which was initially 90% of the residual strength, i.e., R r = 0.90 to 1.25 and R r = 0.90 to 1.10 for samples RS 1 and RS 2 , respectively. The results obtained from the residual-state creep tests are presented in Figs. 10 and 11 . Figures 10a and 11a show that only attenuating creep occurred in the two samples under the initial shear stress ratio. An increase in the shear stress ratio to 1.03 resulted in the activation of nonattenuating creep, during which three distinct stages of creep were recorded, as shown in Figs. 10b and 11b . The corresponding relationships between the shear strain rate and creep time are presented in Figs. 10c and 11c . Sample RS 1 experienced 900 min of secondary creep followed by a rapid tertiary creep until failure; however, the secondary creep phase was much shorter for sample RS 2 . Maio et al. (2013) evaluated the creep properties of an intact silt-clay sample, and a much longer period of creep was recorded before the sample failed in the residual-state creep test carried out using a direct shear apparatus. Here, a further increase in the shear stress ratio to 1.05 resulted in direct viscous flow with a constant shear strain rate in both samples; however, the shear strain rate in sample RS 2 was much higher than that in sample RS 1 .
Creep testing of samples subjected to different periods of rest When the landslide is in a dormant phase, it is assumed that the soil in the shear zone is undergoing dormant period. To simulate this state, after the residual-state creep tests, we rested sample RS 1 for separate periods of 1, 3, and 12 days under an effective normal stress of 300 kPa. At the end of each rest period, creep tests were carried out under two different shear stress ratios, 1.05 and 1.10.
The variation in creep displacement with time recorded in sample RS 1 under the two shear stress ratios is depicted in Fig. 12 . The creep rate is dramatically influenced by the rest duration. The creep rates recorded during each steady creep stage are presented in Table 3 . Compared to the creep rates obtained in the 1-day rest test, the creep rates of the 3-day rest sample decreased 2000-fold under a shear stress ratio of 1.05 and 1000-fold under a shear stress ratio of 1.10. This clear decrease in creep rate indicates that the soil in the shear zone regained strength during the dormant period (Stark and Hussain 2010b) , and the landslide may thus become inactive after a sufficiently long dormant phase. However, the decrease in creep rate became insignificant with a longer rest duration of 12 days.
The results of the ring shear tests conducted after 3-and 12-day rest periods are presented in Fig. 13 , which shows that the regained strength led to an increase in the peak shear strength at the beginning of shearing; furthermore, the regained strength was greater after 12 days than after 3 days of rest. This result implies that the threshold of shear creep increases due to consolidation and that this increase is time-dependent. However, with increasing shear displacement, the regained strength is generally lost. Here, the shear displacement that caused the loss in regained strength was much larger than that observed in clayey soil (Stark and Hussain 2010a) . One reasonable interpretation of these differences is that the clastic soil contained a significant fraction of gravel clasts (around 30 wt.%). Similar results were observed by Bhat et al. (2013b) , who investigated the strength recovery ring shear test upon various landslide soils, and found that the shear displacement in which the regained strength was lost was greater in the soil with higher proportional coarse particles. With further creep displacement, as shown in Fig. 12 , the creep rate may increase; this phenomenon was not observed in the present study due to the timeconsuming nature of the test. The correlation between creep rates and various shear stress ratios is presented in Fig. 14 ; in this case, the creep rate represents the secondary creep rate recorded in the residual creep tests. As shown in Fig. 14, the creep rates slowly and linearly increase as the stress ratio increases from 0.9 to 1.0, and both samples exhibit attenuating creep. Furthermore, the creep rates nonlinearly increase as the shear stress ratio further increases to 1.03, during which the creep is non-attenuating. As the shear stress ratio further increases to 1.05, the shear response gradually transitions from creep to viscous flow.
Analysis of Fig. 14 reveals that the dormant phase can significantly increase the creep threshold stress. Although this regained strength may be lost after a certain amount of creep displacement, a relatively low creep rate will remain until sufficient displacement occurs on the shear surface of the soil. Additionally, at each stress ratio, the creep rate recorded under an effective normal stress of 508 kPa is greater than that recorded under an effective normal stress of 300 kPa. This result implies that the shear zone material may be more likely to exhibit fluid-like behaviour under a higher normal stress level. Correspondingly, the deeper shear zone of the Huangtupo slope accounts for a greater proportion of the creep deformation than the shallow sections of the shear zone. Jian and Yang (2013) , who provided additional references used in the present study, have reported similar results.
Comparison between the long-term and the residual strength The long-term strength (τ v ) is defined as the ultimate strength observed in a creep test and corresponds to the maximum shear stress at which the creep curve decreases in constant slope and no failure is observed within the material. A shear stress above the long-term strength will drive non-attenuating creep and may eventually result in a failure. Microscopically, the long-term strength is the minimum strength under which the interparticle contacts are progressively breaking, which can lead to particle rearrangement and ultimately result in failure. This time-dependent loss in material strength is different from the loss of strength from peak to residual strength, which is the minimum strength controlled by the particle orientation after a large shearing displacement (Jiang and Wen 2015) . The correlation between long-term strength and residual strength can be obtained by isochronal curve analysis. Figure 15 presents the creep displacement recorded at different times under various shear stress ratios and normal effective stresses. The inflexion in the isochronal curve, indicated by the shaded areas in Fig. 15a, b , reveals that the long-term strength of the tested soil is nearly equivalent to its residual strength; similar results were reported by Jiang and Wen (2015) , Wen and Jiang (2017) and Bhat et al. (2013a) . However, the soil can thus undergo attenuating creep when the sustained shear stress is lower than the residual strength as well as experience non-attenuating creep and failure when the sustained shear ratio is greater than 1.0. Bhat et al. (2013a) explained that this might be due to the effects of static and dynamic friction in different creep stages. Specifically, when the stress ratio is lower than 1.0, the interparticle contacts are governed by static friction, which stabilises the sample; in contrast, when the stress ratio is greater than 1.0, the interparticle contacts are dominated by dynamic friction, which can lead to failure. However, under pre-failure conditions, the long-term strength of clastic soil is more similar to the peak strength but still higher than the residual strength (Wang et al. 2008a) . Therefore, the residual strength can be considered an alternative to long-term strength for the stability analysis and prediction of slow-moving landslides with a pre-existing shear surface. (1) The Huangtupo landslide is moving slowly, and accumulating displacement through episodic phases of acceleration and deceleration. This movement pattern can be divided into two different processes: a creep phase, characterised by different creep rates, and a dormant phase, with different periods. (2) Depending on the sustained shear stress ratio, the clastic soil in the shear zone can undergo non-attenuating creep, attenuating creep, or viscous flow, while creep failure can occur only when the sustained shear stress is greater than the residual strength. In addition, a period of rest can dramatically decrease the creep rate and stabilise the soil, even if the sustained shear stress is greater than the residual strength. This finding implies that once the landslide remains dormant for a period, the stress required to remobilise the shear zone becomes higher due to strength regain. However, the regained strength can be lost with continuous shear displacement, indicating that slow-moving landslides may be reactivated with sufficient creeping movement. (3) For the analysed reactivated slow-moving landslide, the longterm strength of the shear zone soil is nearly equivalent to its residual strength in the residual state. However, evaluation of the residual strength is much easier and less time consuming than that of the long-term strength. For this reason, residual strength can be considered an alternative index for use in long-term stability analyses and the prediction of reactivated slow-moving landslides in the TGR. 
